Mushrooms are rich in pharmacologically-important phytochemicals with reported medicinal values. In this study, the antibacterial activity of Flammulina velutipes (Enoki), Hypsizygus tessellatus (brown (Buna shimeji) and white (Bunapi shimeji) variants) stem extracts prepared with different solvents (water, methanol, acetone, and ethyl acetate) was investigated against Escherichia coli (E. coli ATCC 25922), Serratia marscenscens (S. marscenscens ATCC14756), Bacillus subtilis (B. subtilis ATCC 23857), and Staphylococcus aureus (S. aureus ATCC 25923). Their antioxidant activities were evaluated using radical scavenging assays of 1,1-diphenyl-2-picrylhydrazyl (DPPH), hydrogen peroxide (H 2 O 2 ) and ferric reducing power (FRP). The water extracts of Enoki, Buna shimeji, and Bunapi shimeji showed bacterial growth inhibition in a concentration-dependent manner. From the obtained results, all the Enoki extracts showed a significant inhibition of the gram positive bacterial species (E. coli and S. marcescens > 68%) and a reduced inhibition of the gram negative bacterial species (B. subtilis and S. aureus < 45%, p < 0.05) after 24 h of incubation, while water extracts of Buna shimeji showed a significantly lower bacterial growth inhibition (< 60%) against all the studied bacteria. Bunapi shimeji extract inhibited S. marscenscens, E. coli, B. subtilis, and S. aureus by 54, 67, 46, and 44%, respectively. Methanol, acetone and ethyl acetate extracts showed significantly lower antibacterial activities (p < 0.05) compared to water extracts. Similarly, water extracts of Enoki, Bunapi shimeji and Buna shimeji showed significant antioxidant activities using DPPH (67.37 ± 0.01, 66.30 ± 0.18 and 42.44 ± 0.18%, respectively), hydrogen peroxide (67.87 ± 0.000, 45.52 ± 0.160 and 52.08 ± 0.000% respectively), and FRP (0.891 ± 0.001, 0.413 ± 0.001 and 0.491 ± 0.001, respectively) at the concentration of 1 mg/mL, compared to their respective methanol, acetone and ethyl acetate fractions. Upon LC-MS analysis of the most potent fraction (Enoki water extract), several phenolic compounds were identified, of which chromogenic acid, Methyl-5-O-caffeoylquinate, Kukoamine A, Kushenol K, Methyl Kushenol C, Glabrol, Sanggenon J, Corylin, and Moracenin C were confirmed. The antioxidant activities of the water extracts of Enoki, Buna shimeji and Bunapi shimeji correlated with their total phenolic and flavonoid contents, which were (166.56 ± 1.50, 108.13 ± 0.32 and 116.71 ± 0.01 µg gallic acid equivalent (GAE)/ mg, respectively) and (96.33 ± 0.03, 82.18 ± 0.20 and 91.37 ± 0.15 µg quercetin equivalent (QE)/mg, respectively). Collectively, the study results have shown the studied mushrooms as potential natural sources of pharmacological agents.
Introduction
Reactive oxygen species (ROS) are continuously produced in the human body as a part of the normal metabolic process. The major endogenous sources of free radicals in the human body include the immune cells such as leukocytes and macrophages, the mitochondria, and the peroxisomes [1] . The oxidative stress induced by highly reactive and unstable free radicals results in many acute and chronic diseases such as cancer, aging, diabetes, arthritis, inflammation, atherosclerosis and other neurodegenerative 1 3 A pictorial evidence of the studied mushrooms is provided in Fig. 1 .
Chemicals and bacterial strains
1,1-diphenyl-2-picrylhydrazyl (DPPH), Folin-Ciocalteu reagent, sodium carbonate anhydrous, gallic acid, aluminum chloride, quercetin, ascorbic acid, ferric chloride, hydrogen peroxide, potassium phosphate monobasic, potassium phosphate dibasic, potassium ferricyanide, and trichloroacetic acid (TCA) were purchased from Merck (St. Louis, MO, USA). Gentamycin was purchased from Life Technologies diseases. A balance between ROS and antioxidants is vital for the maintenance of a healthy biological system. To strike this balance, it is necessary to introduce compounds with antioxidant activity into the body to complement the natural antioxidative system [2] .
Plants and fungi, especially mushrooms, are excellent sources of natural antioxidants [3] . Phytochemicals, such as phenolic compounds, have been revealed by several studies to possess tremendous antioxidant activity [2] [3] [4] [5] [6] . In the recent years, researchers have focused mainly on the identification and isolation of natural antioxidants from various natural sources in search of new leads for the development of better drugs for various oxidative stress-related diseases. The aim of these investigations is to reduce the side effects of synthetic antioxidant compounds by using naturally-sourced compounds that could be well tolerated by the human body [7] .
Mushrooms are one of the most reported natural sources of polyphenols and flavonoids. Most mushrooms, including Buna shimeji, Bunapi shimeji, and Enoki are valued because of their phytochemical constituents. They have served as a source of food and traditional medicine in most Asian countries [1, 8] . In general, mushrooms are rich in dietary fibers, vitamins and minerals [9] , but low in carbohydrates [10] . Bioactive compounds such as lentinan and ergosterol have been extracted from the fruiting bodies and cilia of mushrooms. While the anticancer and antibacterial activities of several mushroom species have been reported [1, [11] [12] [13] [14] [15] [16] [17] [18] [19] , the potential medicinal values of these widely available edible mushrooms in Malaysia (H. tessellatus and F. velutipes) remain under-explored. Therefore, in this study, the antioxidant and antibacterial activities of Enoki, Buna shimeji and Bunapi shimeji stem extracts prepared with different solvents (varying polarities) were studied. The extracts were prepared using water, methanol, acetone, and ethyl acetate to ensure a complete extraction of the different biological components of the mushrooms which might vary in their degrees of polarity.
Materials and methods

Collection of samples
The mushrooms (Buna shimeji, Bunapi shimeji, and Enoki) used in this study were supplied by Orioner High-tech Sdn, Bhd., a local supplier of biological material in Kuantan, an urban region of Malaysia, South-East Asia after being identified from previously documented evidences. These mushrooms are endemic in this region of the world, where they serve as food culinary. These mushrooms can grow in the wild (seasonal) and can be cultivated as well. In this study, the cultivated varieties of the mushrooms were used. (Carlsbad, CA, USA). Nutrient broth was purchased from Oxoid Thermo-Scientific (UK). Absolute methanol, acetone, and ethyl acetate were purchased from Merck (St. Louis, MO, USA). All other chemicals and reagents used in the study were of high purity and analytical grade. The gram negative (E. coli ATCC 25, 922 
Preparation of the extracts
The stems of the mushrooms were separated from the caps, dried at 60 °C, and pulverized to powder using a grinder (Tianjin Taisite Instrument Co., Tianjin, China). 180 g of the pulverized extracts were extracted overnight with 500 mL of water, 500 mL of absolute methanol, 500 mL of 95% acetone, and 500 mL of 95% ethyl acetate at room temperature on a laboratory shaker at 250 revolutions per minute. After overnight extraction (24 h), the extracts were filtered, those extracted with volatile solvents were evaporated to dryness in a Hood chamber, while fractions extracted with water were concentrated to 50 mL volume in an EYELA rotary vapor that was coupled to an EYELA rotavapor N-12001 and EYELA heating bath N-12001. The concentrated water extracts were further freeze-dried and stored in a Thermo-Scientific Freezer (Forma 700 series, Germany) at 4 °C until further analysis. Solvents of varying polarities were selected for this study because of the belief that the degree of polarity of the phytochemical components of the mushrooms vary. The varying polarities of the solvents ensured that the highly polar phytochemicals will be efficiently extracted in the polar solvent (water), while the less polar and non-polar components will be extracted in the less polar (methanol) and nonpolar (acetone and ethyl acetate) solvents [20] .
Preliminary phytochemical screening
To determine the presence of various phytochemicals, the extracts were subjected to basic phytochemical screening for flavonoids, phenolics, alkaloids, steroids, and saponins using standard protocols [21] .
Shinoda's test for flavonoids
Extracts were dissolved in ethanol, followed by the addition of four ribbons of magnesium. Few drops of concentrated hydrochloric acid were further added to the sample and observed for the formation of a reddish color which indicates the presence of flavonoids. The results were reported as + (positive) for the presence of flavonoids and − (negative) for the absence of flavonoids [22] .
Ferric chloride test for phenolics
The extracts were dissolved in water, followed by the addition of FeCl 3+ . The formation of a green color indicates the presence of phenolic compounds. The results were also reported as (+) for the presence of phenolics and (−) for the absence of phenolics [23] .
Mayer's test for alkaloids
Few drops of Mayer's solution (1.36 g of mercuric chloride + 5 g of potassium iodide in 100 mL of water) was added to the extracts already prepared in water and observed for the formation of a milky precipitate in the presence of alkaloids. The results were reported as (+) for the presence of alkaloids and (−) for the absence of alkaloids [24] .
Salkowski's test for steroids
0.5 mL of the extracts prepared in water was mixed with 10 mL of chloroform and filtered. 1 mL of concentrated sulphuric acid was carefully added to form a lower layer and observed for the formation of a reddish ring. The presence of steroids was reported as (+) while the absence of steroids was reported as (−) [25] .
Foam test for saponins
The extracts were dissolved in 15 mL of water and vigorously shaken. The presence of saponins was indicated by the presence of a stable foam. The results were reported as (+) for the presence of saponins and (−) for the absence of saponins [24] .
Determination of total phenolic content (TPC)
The TPC of the extracts was determined by Folin-Ciocalteu method described by Slinkard and Singleton [26] . Briefly, 1 mL of the extracts, previously reconstituted in methanol at the concentration of 1 mg/mL, was added into 100 mL conical flasks and diluted with 45 mL of distilled water. Thereafter, 1 mL of Folin-Ciocalteu reagent was added to the flasks and thoroughly mixed. The flasks were incubated for 3 min before adding 3 mL of 2% NaCO 3 solution. The mixtures were allowed for 2 h on a rotary shaker at 100 rpm 1 3 before recording the absorbance of the blue molybdenum at 760 nm. To reduce standard error, all the experiments were performed in triplicates and the results were expressed as mean ± SD of three parallel measurements. Gallic acid was used to prepare the standard phenolic curve at the concentration of 100-1000 µg/mL. The results were expressed as micrograms of gallic acid equivalent (GAE) per milligram dry weight (µg GAE/mg dw) of the extracts. A standard gallic acid graph with an R 2 of 0.99 was used to determine the concentration of TPC in the extracts.
Determination of total flavonoids content (TFC)
The total flavonoid content of the extracts was determined using the method described by Meda et al. [27] . Briefly, 2% AlCl 3 was prepared in methanol, and 1 mL of this solution was mixed with 1 mL of the extracts prepared in methanol at the concentration of 1 mg/mL. The mixture was allowed to incubate for 10 min at room temperature. Thereafter, the absorbance of the mixtures was recorded at 415 nm. The experiments were performed in triplicates to minimize standard error, and the results presented as the mean ± SD of three parallel measurements. Quercetin was used to prepare the standard flavonoid curve (R 2 = 0.98) at the concentration of 100-1000 µg/mL and used to determine the flavonoid content of the extracts. The results were expressed as micrograms of quercetin equivalent (QE) per milligram dry weight (µg QE/mg dw) of the extracts.
In vitro antioxidant activity
The antioxidant activity of the extracts was tested in vitro using DPPH free radical scavenging activity, hydrogen peroxide radical scavenging, and ferric reducing power methods. The stock solution of the extracts and standard (ascorbic acid) was prepared in deionized water at a concentration of 1 mg/mL.
DPPH free radical scavenging
The method described by Dorman et al. [28] was used in this analysis. A 126 µM DPPH solution was prepared in absolute methanol. The extracts were prepared in water at different concentrations (200, 400, 600, 800, and 1000 µg/ mL). 1 mL of the prepared extract concentrations was added to glass tubes, followed by the addition of 2 mL of the DPPH solution to make a final volume of 3 mL. The tubes were vigorously shaken for 30 s and incubated for 30 min in the dark at room temperature. The control was prepared in the same way as the samples, only that 1 mL of deionized water was used instead of the sample. The fade in the color of the DPPH solution was monitored at 517 nm and ascorbic acid was used as the standard radical scavenger at the concentration of 200, 400, 600, 800, and 1000 µg/mL. All the experiments were performed in triplicates and the results reported as the mean ± SD of three parallel measurements. The radical scavenging ability of the extracts was expressed as a percentage of the initial DPPH radicals using the equation:
where A 0 is the absorbance of the control tube containing 2 mL of DPPH solution and 1 mL of deionized water; A 1 is the absorbance of the reaction mixtures containing 2 mL of DPPH solution and 1 mL of the diluted extracts (or standard) at varying concentrations.
Ferric reducing power (FRP)
The metal reducing power of the extracts was determined using the method described by Vijayalakshmi and Ruckmani [29] . Briefly, 1 mL of the extracts prepared in water at different concentrations (200, 400, 600, 800, and 1000 µg/ mL) was mixed with 2.5 mL of 0.2 M sodium phosphate buffer (pH 6.6) and 2.5 mL of 1% potassium ferricyanide in test tubes. The tubes were vortexed and incubated at 50 °C for 20 min in an incubator shaker. After the incubation period, 2.5 mL of 10% TCA was added into the tubes and mixed thoroughly before centrifuging for 10 min at 3000 rpm. After the centrifugation, 2.5 mL of the supernatants were transferred to another set of tubes and mixed with 2.5 mL of deionized water and 0.5 mL of 0.1% ferric chloride solution. The antioxidants present in the extracts formed a colored complex with TCA, potassium ferricyanide, and ferric chloride whose absorbance was recorded at 700 nm. Ascorbic acid was used as the standard radical scavenger at the concentration of 200, 400, 600, 800, and 1000 µg/mL. All the experiments were performed in triplicates and the results were reported as the mean ± SD of three parallel absorbance measurements.
Hydrogen peroxide radical scavenging
The hydrogen peroxide radical scavenging activity of the extracts was determined by the method described by Odeja et al. [30] . Briefly, a 40 mM hydrogen peroxide solution was prepared from a 50% stock solution by taking 2.72 mL of the stock 50% H 2 O 2 solution and diluting same to 1 L with distilled water. A 50 mM phosphate buffer (pH 7.4) was prepared from sodium hydrogen phosphate monobasic and potassium hydrogen phosphate dibasic. The
initial hydrogen peroxide concentration was determined at 230 nm against phosphate buffer solution which served as the blank and recorded as A 0 . For the extracts, 3.4 mL of the hydrogen peroxide solution was mixed with 0.6 mL of the extracts at varying concentrations (200, 400, 600, 800, and 1000 µg/mL) and incubated for 10 min. After 10 min, the absorbance of the mixtures was taken at 230 nm and recorded as A 1 . All the experiments and measurements were performed in triplicates, and the percentage of hydrogen peroxide scavenging was estimated using the equation below. The antioxidant ability of the extracts was expressed as the percentage of the initial hydrogen peroxide radicals scavenged. Higher percentages indicate stronger antioxidant activities.
In vitro antibacterial activity
The antibacterial activity of the extracts was determined against E. coli, Serratia marscenscens, Bacillus subtilis and Staphylococcus aureus using standard broth method. Briefly, 5 mL of nutrient broth (Oxoid, England), initially sterilized at 121 °C for 15 min was added into sterile test tubes with caps. Then, 1 mL of the extracts which has been prepared in sterile water at different concentrations (400, 800, 1200, 1600 and 2000 µg/mL) was added to the broth in the tubes labelled "Tests". Gentamycin (1 mL) at the same concentration range (400, 800, 1200, 1600, and 2000 µg/mL) was added to the tubes labeled "Standard".
To all the tubes, 1 mL of overnight active bacterial broth (1.0 × 10 6 CFU/mL) of the respective organisms for each set of tubes was added. The number of viable bacteria in the overnight culture broth was determined using the Miles and Misra method for bacterial count. The control tubes contained 5 mL of sterilized broth, 1 mL of the test organisms, and 1 mL of sterile water. The experiments were carried out under laminar flow in triplicates. All the tubes were incubated at 37 °C for 24 h. The turbidity of the broth cultures after incubation was measured at 600 nm as a measure of the growth inhibition. The percentage of growth inhibition from three parallel experiments was calculated using the equation below and expressed as the mean ± SD of the triplicate.
where A 0 is the absorbance of the 'Control' tubes and A 1 is the absorbance of the 'Test' tubes.
Hydrogen peroxide scavenged (%) =
A 0 − A 1 A 0 × 100 Bacterial inhibition (%) = A 0 − A 1 A 0 × 100
LC-MS-QTof analysis
The water extract of Enoki (5 mg) was dissolved in 1 mL of methanol via sonication for 5 min. The phenolic content of the resulting solution was characterized using LC-MS-QTof (Kyoto, Japan). Constituent separation was done using 0.1% formic acid in water and acetonitrile as the mobile phases. The sample injection volume was 5 µL while the flow rate was 0.2 mL/min. The analysis was performed in both negative and positive ion modes for phenolics and flavonoids respectively, with an interface voltage of − 3.5 kV, CDL temperature of 200 °C, nebulizing gas flow rate of 1.5 L/ min, heating block temperature of 200 °C, and detector voltage of 1.57 kV. The phenolic compounds were identified based on their retention times and MS spectra as compared to authenticated standards.
Statistical analysis
All the experiments were done in triplicate and the results were presented as the mean values with their corresponding standard deviations (SD). Student t-test, a common technique for testing mean variation between observed experimental data and a reference data, was used to statistically explain the level of significance of the differences between the observed mean values in the study at a significant level of p < 0.05. The correlation between the biological activities of the mushroom extracts and their total phenolic contents was studied using the Pearson's correlation method, where values close to 1.0 were indicative of a positive significant correlation. Both Student t-test and correlation studies were performed using Microsoft Excel 2016 software.
Results and discussion
Preliminary phytochemical analysis
The extracts were preliminarily screened for the presence of compounds that may have contributed to their antioxidant and antibacterial activities. They were screened for phenolics, flavonoids, alkaloids, steroids, and saponins. The results are shown in Table 1 . The presence of phenolics, alkaloids, steroids, and saponins was detected in all the extracts while alkaloid was not detected in the water extracts. The outcome of the preliminary screening showed that the mushrooms contained important phytochemicals. The phytochemicals were further discussed in their respective subsections of interest.
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Total phenolic content (TPC) and total flavonoid content (TFC)
The results obtained from the TPC and TFC of the extracts are presented in Certain factors such as the degree of aromatic rings conjugation, glycosidic bond formation, and the influence of side chains such as methoxy, hydroxyl and methyl groups affects the solubility of phenolic compounds and flavonoids [31] . The polarity of compounds with high number of hydroxyl groups tend to be high and dissolves better in aqueous or alcohols compared to non-polar compounds. In polar solvents, there is a dipole force interaction in the form of hydrogen bonds which enhances the solubility of solvating molecules [32] . The results of the study showed that the phenolics and flavonoids from the three mushrooms were polar compounds due to the observation of the highest TPC and TFC in the water and methanol extracts. The results of the study were similar to previous studies where polar solvents were reported as the effective solvents for the extraction of phenolic and flavonoids [33] [34] [35] .
Phenolics and flavonoids have been reported as the major contributors to mushroom antioxidant activities, where they act as hydrogen donors, reducing agents, singlet oxygen quenchers, and free radical scavengers [36] . Phenolic compounds can be grouped as simple phenolics, hydroxycinnamic acid derivatives, phenolic acids, and flavonoids. The TPC and TFC of water and methanol extracts of the mushrooms in this study were higher than the value previously reported by Liu et al. [37] who presented a highest TPC value of 0.79-43.60 mg GAE/g from ethyl extracts of Inonotus sanghuang. Our findings also suggested water as the best extraction solvent for phenolic compounds from mushrooms though other studies have reported otherwise [37] .
On the other hand, flavonoids are believed to possess antioxidant property [38] due to their ability to scavenge free radicals [39] [40] [41] . Flavonols and flavanones-rich food intake has been reported to lower the chances of certain cancers such as ovarian cancer [42] . Previous studies have shown a positive correlation between the antioxidant activity of natural extracts and their TPC and TFC [43] , but to our knowledge, this is the first comparative study of the TPC and TFC of Enoki, Buna shimeji and Bunapi shimeji stem extracts prepared with different solvents.
In vitro antioxidant activities
The antioxidant activity of the extracts was determined using three assays. These three assays (DPPH, hydrogen peroxide and FRP) are commonly used to determine the antioxidant activity of biological extracts [44] . Figure 2a -c showed the antioxidant activity of water, methanol, acetone and ethyl acetate stem extracts of Enoki, Buna shimeji and Bunapi shimeji studied as a function of their concentration. Two different mechanisms were used to determine the antioxidant properties of the extracts (i) radical scavenging effects (DPPH and H 2 O 2 ) and (ii) reducing power (FRP). DPPH and H 2 O 2 radical scavenging examines the reduction of DPPH and H 2 O 2 unstable radicals after exposure to the radical scavenger. The presence of substances that can donate proton through the formation of diamagnetic molecules and receiving of hydrogen radical is manifested in color formation [45] . The reducing power-based assay (FRP) measures the reduction of Fe 3+ to Fe 2+ by a reductant. Here, a higher absorbance indicates a higher Fe 3+ reduction to Fe 2+ . The capabilities of the stem extracts of Enoki, Buna shimeji and Bunapi shimeji prepared with various solvents to scavenge DPPH and H 2 O 2 free radicals compared to the capability of ascorbic acid at different concentrations ranging from 100 to 1000 mg/mL are shown in Fig. 2a-c and Table 3 , respectively. The scavenging activity of the various extracts was concentration dependent. The order of the scavenging activity for the different mushrooms was Enoki > Bunapi shimeji > Buna shimeji, and in the order of water > methanol > acetone > ethyl acetate for the solvents. A decreasing trend of activity was noted from methanol, acetone and ethyl acetate due to the capability of different solvents to extract different types of compounds.
The ability of the compounds to act as a proton donor might similarly be affected by the concentration of different compounds present in the extracts [31] . The results of this study agreed with previous studies which reported high antioxidant activities in aqueous extracts using DPPH [46] and H 2 O 2 [47] . Generally, higher polyphenolic yields are positively correlated to higher antioxidant activity, while the presence of glycoside in flavonoids can interfere with their antioxidant activity [48] . The free radical scavenging capability of phenolic compounds is attributed to their possession of numerous phenolic hydroxyl groups which participate in antioxidant activity by transferring protons to radicals and produce phenoxide radicals which stabilizes the products. The highest DPPH and The FRP of the extracts presented in Table 4 also positively correlated to the TPC of the extracts prepared with different solvents (Table 5) . From the FRP table, it was observed that the FRP of the extracts under water extraction was significantly higher compared to those of the same species extracted with the other solvents. This difference in FRP indicate that the extracts contained more of hydrophilic phenolics which were favorably extracted in the polar solvent (water). Enoki extracted with water showed the highest FRP absorbance of 0.050 ± 0.002-0.891 ± 0.001 within a concentration range of 0.2-1.0 mg/mL at 700 nm, while the lowest absorbance was shown by Buna shimeji extracted with ethyl acetate (0.031 ± 0.001-0.264 ± 0.002) at the same absorbance and concentration range. The FRP values of the extracts increased with concentration and in the order of Enoki > Bunapi shimeji > Buna shimeji. There were significant differences (p < 0.005) between the FRP of the extracts and that of ascorbic acid, as shown in Table 4 . Hodzic et al. [50] recommended FRP method as a quick and simple method of determining the antioxidant activity of extracts. Schafer and Buettner [51] further recommended FRP method for the assessment of antioxidant activity in extracts since humans absorb glutathione in small amounts. As per Moure et al. [52] , the ferric reducing power of mushroom extracts could be attributed to their ability to donate hydrogen ion; but there are other factors which can affect the quality and antioxidant activity of natural extracts, such as the solvent used during extraction since different phenolic compounds have different polarities.
Water extract of Enoki presented the highest level of antioxidant activity among all the studied fractions using a battery of assays. Therefore, the phenolic content of this fraction was determined using LC-MS-QTof. Several compounds were identified in the water extract in total ion modes, including Chlorogenic acid, Methyl-5-O-caffeoylquinate, Kukoamine A, (in the positive ion mode) and Kushenol K, Methyl Kushenol C, Glabrol, Sanggenon J, Corylin, and Moracenin C (in the negative ion mode) by comparing their retention in total ion chromatogram mode (LC-MS-QTof) to a standard library as illustrated in the Supplementary material ( Figure S1 ). The complete list of identified compounds in the water extract of Enoki is presented in Tables 6 and 7 for the positive and negative modes, respectively. Compared to other studies, chromogenic acid, one of the identified compounds in the extract has been previously reported to be identified in a mushroom species by Kun et al. [37] who reported chromogenic acid as one of the phenolic contents of the mushroom Inonotus sanghuang. Chromogenic acid at the concentration of 10 µmol/L has been reported to be more potent than dl-α-tocopherol or ascorbic acid to scavenge DPPH radicals [53] . Methyl-5-O-caffeoylquinate is a gallic acid derivative (flavan-3-ol subgroup) which has been reported to have a stronger antioxidant activity compared to ascorbic acid [54] . Kukoamine A, a spermine conjugate with dihydrocaffeic acid has been evaluated for biological activities and found to have a strong antioxidant activity against 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical at a scavenging range of 5-97.5%. The antioxidant property of Kukoamine A was attributed to its strong reducing power [55] . It has also been reported to inhibit human glioblastoma cell growth via in vivo and in vitro studies [56] . Kushenol K is a flavonoid considered to be a valuable resource in both modern and traditional medicine [57] . Its antibacterial activity has earlier been reported against S. aureus, S. epidermidis, B. subtilis, and P. acnes [58] . Sanggenon J and Moracenin C are prenylated flavonoid derivatives with reported antibacterial activity against Streptococcus pneumoniae [59] . These phenolic compounds have previously been identified in plant extracts. However, this is the first report on the identification of these interesting compounds from Enoki mushroom. It should be noted that the bioactive components of any naturally occurring source could vary due to certain factors such as environmental influences. The additive/synergistic interactions between all the identified components (polyphenols) could be the reason for the improved antioxidant activity of the Enoki water extract as most of the compounds have proven antioxidant properties.
In vitro antibacterial activity of the extracts
The water fraction of the studied mushrooms (Enoki, Buna shimeji, and Bunapi shimeji) were tested for antibacterial activity on 2 G-positive [Bacillus subtilis (ATCC 6633) and Staphylococcus aureus (ATCC 25923)] and 2 G-negative [Serratia marcescens (ATCC 14041) and Escherichia coli Table 6 Complete list of identified compounds in the water extracts of Enoki mushroom in positive ion mode (ATCC 25922)] bacteria. The in vitro antibacterial activity of the extracts against selected bacteria is presented in Fig. 3a-d . The obtained results for antibacterial activity showed that the studied extracts (predominantly Enoki) had significantly higher activity against gram negative bacteria compared to gram positive bacteria (p < 0.05). The growth inhibition (%) of the gram-negative bacteria by the extracts showed positive correlations (r = 0.983 and 0.809 for S. marcescens and E. coli, respectively) with the TPC, while the gram-positive bacteria showed weaker correlations (r = 0.067 and 0.313 for B. subtilis and S. aureus respectively) with the TPC (Table 8 ).
The obtained antibacterial activities were categorized as follows: (a) strong: for inhibition more than or equal to 70%, (b) moderate: for inhibition of 50-70% and (c) weak: for inhibition < 50% [60] . The antibacterial activity of the tested extracts showed different selectivity for the tested microorganisms Enoki extracts had a moderate antibacterial activity (> 68% growth inhibition) against E. coli and S. marcescens (gram negatives) and a weak antibacterial activity (< 45% growth inhibition) against B. subtilis and S. aureus (gram positives) (p < 0.05). Buna shimeji also showed a moderate antibacterial activity (< 60% growth inhibition) against both gram positive and gram-negative bacteria. Bunapi shimeji showed a moderate inhibition against S. marscenscens and E. coli (54 and 67%, respectively), but a weak activity against B. subtilis and S. aureus (46 and 44%, respectively). These reports were similar to the findings of Ramesh and Patter [61] who reported a moderate antibacterial activity of Ganderma species against the growth of gram-negative bacteria compared to gram-positive bacteria. From the reports of the study, the species showed a moderate activity (62.5%) against gram negative microorganisms and a weak (27.2%) activity against gram positive microorganisms. The antibacterial activity of natural extracts has been attributed to the aldehyde and ketone content of the extracts known to be electronegative compounds which may interfere with electron transfer in biological processes and react with vital nitrogen components such as nucleic acids and proteins, thereby inhibiting the growth of the microorganisms [62] .
Furthermore, polyphenols have been reported to disrupt bacterial membrane functions by interacting with the bacterial cell membranes. Flavan-3ols, epicatechin and catechin have been shown as negatively charged components which strongly binds to the lipid bilayer (positively) of bacteria, resulting in the loss of the cell function and structure [49] . Another possible mechanism of polyphenol activity against bacteria might involve enzymes inhibition or interference with the production of amino acids necessary for bacterial growth. These findings agreed with previous studies that reported positive correlation of TPC 
Conclusion
A bioassay-guided comparative study was performed to characterize the antioxidant and antibacterial activities of Enoki, Buna shimeji, and Bunapi shimeji mushroom extracts prepared with different solvents. Of the studied solvents (water, methanol, acetone, and ethyl acetate), water extracts of Enoki showed the highest antioxidant and antibacterial activities. Upon mass spectroscopy, several phenolic compounds were identified in the water extract of Enoki, of which chromogenic acid, Methyl-5-O-caffeoylquinate, Kukoamine A, Kushenol K, Methyl Kushenol C, Glabrol, Sanggenon J, Corylin, and Moracenin C were confirmed (matched with the standard library). Mushrooms are important source of novel compounds with antioxidant capabilities which can be used for the development of chemotherapeutic agents. From the results of this study, it can be stated that the studied mushrooms are good sources of antioxidant and antibacterial compounds. It should be noted that the antibacterial activity was more towards the gram-negative organisms (S. marcescens and E. coli). Furthermore, the antioxidant and antibacterial activities of the extracts positively correlated with their total phenolic content, suggesting a significant role of polyphenols in the biological activity of the extracts. It is noteworthy that solvent polarity can have a huge influence on the biological activity of extracts. Our data sets forth water as the best solvent for the efficient extraction of total phenolic compounds from the studied mushrooms compared to methanol, acetone, and ethyl acetate. The knowledge gained from this study can aid the production of natural antioxidants and antibacterial agents from these mushrooms.
